One important barrier facing the delivery of short interfering RNAs (siRNAs) via synthetic nanoparticles is the rate of nanoparticle disassembly. However, our ability to optimize the release kinetics of siRNAs from nanoparticles for maximum efficacy is limited by the lack of methods to track their intracellular disassembly. Towards this end, we describe the design of two different siRNA-based fluorescent probes whose fluorescence emission changes in response to the assembly state of the nanoparticle. The first probe design involves a redox-sensitive fluorescencequenched probe that fluoresces only when the nanoparticle is disassembled in a reductive environment. The second probe design is based on a FRET-labeled siRNA pair that fluoresces due to the proximity of the siRNA pair when the nanoparticle is intact. Both approaches have the advantage in that the delivery vehicle need not be labeled. The utility of these probes was investigated with a lipidoid nanoparticle (LNP) as proof-of-concept in both extracellular and intracellular environments. Fluorescence kinetic data from both probes were fit to a two-phase release and decay curve and subsequently quantified to give intracellular disassembly rate constants. Quantitative analysis revealed that the rate constant of siRNA release measured via the fluorescence-quenched probe was almost identical to the rate constant for nanoparticle disassembly measured via the FRET-labeled probes. Furthermore, these probes were utilized to determine subcellular localization of LNPs with the use of automated high-resolution microscopy as they undergo dissociation. Interestingly, this work shows that large amounts of siRNA remain inside vesicular compartments. Altogether, we have developed new siRNA probes that can be utilized with multiple nanocarriers for quantitative and qualitative analysis of nanoparticle dissociation that may serve as a design tool for future delivery systems.
Introduction
Successful delivery of nanoparticles containing siRNAs to the RNA induced silencing complex (RISC) in the cell requires efficient nanoparticle assembly, cellular uptake, subcellular trafficking and timely intracellular release. [1] [2] [3] During the process of designing nanoparticles for siRNA delivery, structural properties of the delivery vehicle such as charge density, degree of hydrophobicity and extent of siRNA association are optimized. Successful delivery requires that the nanoparticles can stay intact in the presence of serum binding proteins, which are often responsible for extracellular disassembly of nanoparticles. 4 However, once siRNA containing nanoparticles reach the extracellular milieu and enter the cell, they will need to disassemble to engage RISC and subsequently down regulate the expression of the target protein. Premature release in the extracellular milieu, as well as lack of intracellular release due to tight nanoparticle-siRNA interactions may lead to inefficient gene silencing. 5 Despite its importance, intracellular disassembly has only been investigated in a few siRNA nanoparticles [6] [7] [8] due to the considerable challenge associated with making this measurement in cells.
Current methods employed for measuring intracellular disassembly involve labeling both the delivery vehicle and nucleic acid with different fluorophores or quantum dots and observing co-localization of their emissions qualitatively via microscopy, 6, 9 or labeling both species with a pair of fluorophores/quantum dots that undergo Förster resonance energy transfer (FRET). 7, 8, 10, 11 Both approaches require labeling the delivery agent and are thus limited to delivery agents that have sites available for conjugation and are robust enough such that fluorophore conjugation does not hamper the activity of the delivery agent. Due to these stringent conditions, this approach though useful has not enjoyed widespread use. However, restricting fluorophore labeling to just the nucleic acid will circumvent the afore-mentioned issues and extend utility to all delivery agents. We adopted this strategy in the design of two siRNA-based fluorescent probes that can non-invasively track intracellular nanoparticle disassembly. The first probe design involves the use of a siRNA tethered to a black hole quencher (BHQ3)-AlexaFluor 647 (AF647) pair that turns on only under the reducing environment of the intracellular space. Thus, nanoparticles encapsulating this probe will remain dark until they release their siRNA cargo into the intracellular space. This gives rise to an "off/on" system. The second probe design involves the use of the recently discovered pair of FRET-labeled siRNA probes, siRNA-AlexaFluor 594 (siAF594) and siRNAAlexaFluor 647 (siAF647) conjugates, which fluoresce due to their proximity within the nanoparticle and turn off once the nanoparticle disassembles. 12 As a result, this gives rise to an "on/off" system. We demonstrate functionality of both probes with lipid nanoparticles (LNPs) in both extracellular and intracellular environments. Although the two probe sets operate differently, we show that information gathered from their data are complimentary.
Results
The "off/on" fluorescence-quenched probe was designed to fluoresce only in the reducing environment of the intracellular space. This was accomplished via the conjugation of a quencher and a fluorophore to each strand of the RNA duplex. Specifically, a BHQ3 dark quencher was conjugated to the 3′ end of the sense strand via a reducible disulfide bond and the fluorophore AF647 was conjugated to the 5′ end of the complimentary DNA strand via an amide linkage. Hybridization of the two strands brings BHQ3 in proximity to AF647 and results in efficient quenching of the AF647 fluorescence via a combination of contact quenching and FRET 13, 14 (Scheme 1). However, reduction of the disulfide linkage via glutathione (GSH), which occurs in the reducing environment of the intracellular space, 15 should result in the release of BHQ3 and subsequent de-quenching of the AF647 fluorescence. Exposure of both 1 and 3 to solutions with and without GSH (Figure 1a and b) demonstrates that the fluorescence of probe 3 is activated (~7-fold increase) only in the presence of GSH. No such increase is observed with 1. In fact, a slight decrease (~1.3-fold) in the fluorescence of 1 was observed the presence of GSH.
To test if fluorescence-quenching properties of probe 3 can be used to detect nanoparticle disassembly, we encapsulated probe 3 in a LNP and examined its fluorescence emission in the presence and absence of GSH and Triton-X, a non-ionic surfactant that disassembles LNPs via lipid membrane disruption. The fluorescence of a LNP containing probe 3 was activated only when both Triton-X and GSH were present (Figure 2 ). This means that nanoparticles encapsulating 3 will fluoresce only after disassembly in a reducing environment such as the cytosol. To contrast these results, we also tested LNPs with encapsulated probe 4 under the same conditions. Probe 4 is a control siRNA probe without the BHQ3 quencher and was synthesized via hybridization of 1 with a non-labeled complimentary sequence. Treatment of LNPs containing 4 with and without GSH in the presence of Triton-X (+/+ and +/-, Figure 2 ) resulted in similarly high fluorescence intensities. This further confirms that BHQ3 plays a major role in quenching the fluorescence of AF647 in probe 3. However, we also observe that the fluorescence of probe 4 is about 4-fold lower in the absence of Triton-X, indicating that confinement of the siRNAs in the LNP leads to partial self-quenching of the AF647 fluorescence. Nevertheless, the role of self-quenching is minimal when compared to BHQ mediated quenching (~40-fold difference) which accounts for ~90% of the total quenching observed (Figure 2 ).
The second probe design involves a FRET-labeled pair of siRNAs, which fluoresce only when encapsulated in a LNP (Scheme 2). Proof-of-concept of this probe has recently been described for ligand-siRNA complexes. 12 The FRET donor is an AlexaFluor 594 fluorophore conjugated to the 5′ end of the sense strand of a siRNA duplex, while the acceptor is an AlexaFluor 647 fluorophore conjugated to the 5′ end of the sense strand of another siRNA duplex. Both labeled siRNAs have the same sequence. Upon encapsulation in the LNP, the aggregated probes are within the Förster radius of the AlexaFluor 594 and 647 (~8.5 nm). Under these conditions, excitation of the donor at 540 nm leads to emission from the acceptor at 690 nm ( Figure 3a ).
The FRET signal is measured as a ratio of the fluorescence due to FRET at 690 nm to the residual emission from the donor at 620 nm. To test the sensitivity of the probe to disassembly, the LNP containing the FRET-labeled probes was exposed to 1% Triton-X for 30 minutes. Figure 3b shows a 3-fold decrease in FRET signal in the presence of Trition-X, consistent with LNP disassembly. Furthermore, the kinetics of LNP disassembly in the 1X PBS can also be monitored as shown in Figure 3c . The kinetic plot shows a fast disassembly phase, which occurs in the first 30 minutes, followed by a slower disassembly phase thereafter.
The above studies on the fluorescence-quenched and FRET-labeled probes demonstrate their ability to detect siRNA release and LNP disassembly outside the cellular space. Next, we focused on demonstrating the utility of these probes in vitro. To show activity of the fluorescence-quenched probe 3 in vitro, we contrasted its uptake in HeLa cells to that of the traditional "always on" probe, 4. Thus, formulated LNPs containing probe 3 and 4 were transfected into HeLa cells at different time points and the total fluorescence at each time point was quantified via flow cytometry. An increase in fluorescence intensity with time is observed due to an increase in siRNA release as well as increased LNP accumulation. At earlier time points (between 0-2 hours), the results in Figure 4 clearly show a larger difference between the fluorescence intensities of probe 3 and 4 than at later time points. The larger difference at earlier time points occurs because a majority of LNPs containing probe 3 are still intact and thus the fluorescence of AF647 in probe 3 is quenched. However, as time progresses, LNPs containing probe 3 disassemble and the fluorescence intensity from the sample increases and slowly approaches the fluorescence of probe 4, which is always "on". The increase in fluorescence intensity of LNPs containing probe 3 relative to LNPs containing probe 4 is due to de-quenching of the AF647 fluorophore on the released probe 3 via intracellular mediated GSH cleavage of BHQ3. Thus, the ratio of the fluorescence intensity of probe 3 to 4 ( Figure 4b ) represents the percentage nonencapsulated intracellular siRNA. This ratio also normalizes for the increase in fluorescence due to LNP unpacking ( Figure 2 ) prior to GSH cleavage of probe 3.
The utility of the FRET-labeled probes in vitro was also demonstrated in HeLa cells using LNPs with encapsulated siAF594 and siAF647. The FRET output shown in Figure 4b is the emission at 695 nm (excitation with a yellow-green laser at 561 nm) normalized to the emission from AlexaFluor 647 (excitation/emission 633/660 nm) alone. By doing this, the FRET signal from the LNPs is always normalized to the total amount of LNPs taken up by the cells. The results show that the FRET signal decreases with time, indicative of LNP disassembly. Similar to the extracellular kinetics data in Figure 3c , we see a two-phase exponential decay of LNPs in the cell; a fast burst occurs in the first two hours followed by a slower decay thereafter. This two-phase decay is in agreement with the kinetics of siRNA release measured by the fluorescence-quenched probe 3. The kinetic profiles of both FRET and fluorescence-quenched data were fit to the two-phase exponential kinetic decay and release models; y = y o + A 1 (e -k f t ) + A 2 (e -k s t ) and y = y o + A 1 (1 -e -k f t ) + A 2 (1 -e -k s t ) respectively, where k f and k s represent the rate constants of the fast and slow phase respectively.
The exponential kinetic functions used to model the experimental kinetic data showed very good fits for both fluorescence-quenched and FRET-labeled probes (R 2 > 0.99). Both fast and slow dissociation rate constants obtained for the fluorescence-quenched probe 3 are in good agreement with those obtained for the FRET-labeled probe (Table 1) . In both cases, the initial burst release, characterized by k f is about 20 times faster than the rate constant for the slow release phase (k s ). 
Discussion
The discovery of siRNAs and their gene silencing potential has lead to the synthesis and development of numerous synthetic delivery vehicles. However, progress on the development of molecular analytics that can be used to probe these synthetic vehicles and report their biophysical properties in their active environment is lagging. So far, biophysical properties such as nanoparticle size, surface charge and siRNA entrapment have been well documented on numerous synthetic nanoparticles thanks to light scattering techniques and RNA detection strategies such as the Ribogreen™ assay. By correlating these properties with siRNA delivery efficiency, we now have a better idea on the size, surface charge and loading requirements necessary for efficient delivery. 16 However, the relationship between other biophysical properties such as nanoparticle elasticity, surface hydrophobicity and the intracellular rate constant of disassembly, among others are yet to be well understood due to the lack of molecular probes required for their measurement. In this article, we described the design and operation of a fluorescence-quenched probe 3 and FRET-labeled probes for measuring the intracellular rate constant of nanoparticle disassembly.
Both designs involve labeling the nucleic acid with fluorophores that respond to environmental cues. The fluorescent-quenched probe 3 was designed to mimic the activity of molecular beacons. 17 The latter are hairpin shaped molecules that are quenched in the hairpin mode, due to the alignment of a fluorophore-quencher pair, but fluoresce when bound to a target nucleic acid. In our approach, we use a similar design to achieve quenching, i.e. placing the quencher and fluorophore adjacent to one another at the 5′ and 3′ ends of the nucleic acid. However, de-quenching is triggered through GSH mediated cleavage of the disulfide bond used to tether the quencher molecule to the nucleic acid. GSH was chosen as the environmental cue due to its intracellular abundance (~1-10 mM) in healthy cells. 15, 18 As a result, a nanoparticle containing this probe fluoresces only after intracellular disassembly and siRNA release. This is in contrast to traditional probes, such as probe 4, whose fluorescence is largely independent on the state of assembly of the nanoparticle (Figure 2 ).
The second probe design involves a pair of FRET-labeled probes composed of two identical siRNAs, each labeled with fluorophores capable of undergoing distance dependent energy transfer, i.e. FRET. Upon nanoparticle formation, the siRNA-bound fluorophores become locally aggregated within the nanoparticle and undergo FRET. However, upon disassembly, these labeled siRNAs drift away from one another resulting in a decrease in FRET signal. Thus, this probe can be used to report on the rate and extent of nanoparticle disassembly as shown in Figure 3 and 4. It is important to note that neither of these strategies involves labeling the delivery vehicle, a key advantage that allows this technique to be used on a variety of different nanoparticle types. After establishing proof-of-concept with each probe (Figures 1, 2 and 3) , we tested the intracellular response of each probe encapsulated in LNPs using HeLa cells. Both molecular probes showed a two-phase kinetic decay and release profile for the LNPs containing siRNAs. Moreover, the rate of nanoparticle disassembly as measured by the FRET-labeled probes was in very good agreement with the rate of siRNA release measured by the fluorescence-quenched probe. The fact that both probes give near identical rate constants validates both measurements and shows that they both can be used interchangeably. It is important to note that the disassembly rates as measured by flow cytometry represent the averaged rate of LNP disassembly from all the cellular compartments, including the endosome, endoplasmic reticulum, Golgi, lysosomes and cytosol. Compartment specific disassembly rates can be achieved using the FRET probe by quantitative microscopy if individual intracellular compartments can be clearly delineated. The utility of the quencher probe in this instance will depend on the reducing potential of the compartment in question.
With regards to implementation in the research workflow, the fluorescence-quenched probe is relatively simple to implement because it involves the use of only one fluorophore (quencher is non-fluorescent). This means that only one filter set is required for imaging and quantitation. The fluorescence-quenched probe being "off" in the extracellular media will also be an asset in live cell microscopy as a result of the potential for low background signal. Finally, because this probe responds to GSH, it may also find use as a reporter for intracellular GSH as well as oxidative stress in cells both in vitro and in vivo. 19, 20 However, intracellular rate constants of siRNA release measured with this probe in cells that are under severe oxidative stress may be longer than that in normal cells due to lower GSH concentrations. Unlike the fluorescence-quenched probe, the FRET-labeled probe requires the use of two fluorophores and thus two emission filters. However, this probe is independent of GSH and can be used to measure disassembly in both healthy and oxidatively stressed cells. Thus, depending on the available instrumentation and type of cells under investigation, one or both probes might prove useful for quantifying the rate and extent of siRNA nanoparticle disassembly.
Conclusion
We describe the design and synthesis of a fluorescence-quenched probe and a pair of FRETlabeled probes for measuring the rate of disassembly of siRNA bound nanoparticles in both extracellular and intracellular environments. Both probes circumvent the need to label the delivery vehicle, allowing for their use in delivery vehicles that are difficult to label. The fluorescence-quenched and FRET-labeled probes were in evaluated in a cancer cell line with LNPs and each displayed a two-phase exponential release and decay profile respectively. The rate constants for siRNA release and LNP disassembly obtained from the fits to the intracellular kinetic data were in agreement, further validating both experiments. The intracellular disassembly rate constant will be a valuable parameter for use in in vitro and in vivo computational models for nucleic acid delivery as well as understanding and improving nanoparticle design through structure function correlations.
Materials and Methods

Materials
siRNA duplexes labeled at the 5′ end of the sense strand with either Alexa Fluor594 or Alexa Fluor647 dyes were purchased from Integrated DNA Technologies (HPLC purified and desalted). The sequences are: (sense) 5′-Alex594-GAUUAUGUCCGGUUAUGUAUU-3′, 5′-Alex647-GAUUAUGUCCGGUUAUGUAUU-3′ and (antisense) 5′-UACAUAACCGGACAUAAUCUU-3′. The following sequences were used for the preparation of the fluorescence-quenched probe: (sense) 5′-CUGGCUGAAUUUCAGAGCAdTsdT-(SS-CH 2 CH 2 NH 2 )-3′ (RNA-SS-NH2, bases in bold are 2'OMe modified), obtained from Alnylam pharmaceuticals and (antisense) 5′-(Alexa647) TGC TCT GAA ATT CAG CCA GTT-3′ (Compound 1) obtained from Integrated DNA Technologies. Phenol red-free DMEM, fetal bovine serum (FBS) and 0.25% trypsin-EDTA were obtained from Invitrogen. Black Hole Quencher-3 carboxylic acid succinimidyl ester (BHQ3-NHS) was purchased from BIOSEARCH technologies. Cholesterol and 1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC) were obtained from Sigma Aldrich and mPEG2000-DMG was synthesized by Alnylam Pharmaceuticals.
Synthesis of Compound 2-siRNA-SS-BHQ3, 2, was prepared via the conjugation of RNA-SS-NH2 with BHQ3-NHS. Experimental details are as follows: BHQ-NHS, dissolved at 10 mg/mL in dry DMSO, was added to siRNA-SS-NH2 in a 100 mM sodium tetraborate buffer at a 5-fold molar excess. The mixture, with a final RNA concentration of 1 mg/mL, was incubated for 2.5 hours and purified via reverse-phase HPLC (C18 column, 4.6 × 250 mm, flow rate -1 mL/min, Buffer A: 100 mM triethylammonium acetate pH 7 and Buffer B: acetonitrile, 5-65 % B in 30 minutes).
Preparation of fluorescence-quenched probe 3 and probe 4-The fluorescencequenched probe 3 was prepared by heating an equimolar mixture of 1 and 2 in 1X PBS to 90°C for 1 minute and allowing the mixture to cool under ambient conditions. Probe 4 was prepared by heating an equimolar mixture of 1 and RNA-SS-NH2 in 1X PBS to 90 °C for 1 minute and allowing the mixture to cool under ambient conditions. Formulation of lipidoid nanoparticles (LNPs)-LNPs were formed by mixing an equal volume of a solution of C12-200, 21 cholesterol, DSPC and mPEG2000-DMG at a molar ratio of 50:38.5:10:1.5 in ethanol and siRNA-probe (3, 4 or FRET-labeled probes) in pH 3 citrate buffer (40 ng/uL). This mixture was subsequently diluted at a 1:1 volume ratio with 1X PBS and dialyzed overnight with a 3500 MWCO dialysis membrane (Thermoscientific PIERCE).
Fluorescence-quenched and FRET assays
LNPs containing probe 3 or 4 were diluted to 1 ng/uL in 1X PBS, 1X PBS with 1% Triton-X, and/or 1X PBS with 10 mM GSH in a black 96-well plate. Fluorescence was measured via excitation at 640 nm and emission at 670 nm. Fluorescence emission plots were measured between 640 and 720 nm via excitation at 620 nm. LNPs containing an equimolar mixture of siRNAs labeled with Alexa Fluor594 and Alexa Fluor647 were diluted to 1 ng/ uL in 1X PBS or 1X PBS with 1% Triton-X in a black 96-well plate. To measure FRET, the samples were excited at 540 nm and the fluorescence intensity was read at 690 and 620 nm using a Tecan Safire 2 Microplate reader. FRET was determined as the ratio of the fluorescence intensities at 690/620 nm. The FRET signals for all samples were normalized to a control FRET signal from the siAF594 and siAF647 pair without LNP. All experiments were conducted at room temperature unless stated otherwise.
Cell culture
HeLa cells, stably expressing firefly luciferase and Renilla luciferase, were generously donated by Alnylam pharmaceuticals. The cells were maintained in phenol red-free DMEM media (no antibiotics) with 10% FBS (growth media) at 37°C in a 5% CO 2 humidified atmosphere.
Intracellular disassembly kinetic measurements
100 uL of cells at a cell density of 2 × 10 4 cells/well were seeded in black tissue culture treated 96-well plates and maintained for 24 hours. On the day of transfection, 50 ng of siRNA probes in LNPs were added to each well and the cells were incubated for the indicated time period. All experiments were carried out in triplicates. After transfection, the media was aspirated and cells were washed with calcium and magnesium free 1X PBS and trypsinized with 30 uL of 0.25% trypsin-EDTA. The trypsined cells were then neutralized with 120 uL of quenching media (25 % cell culture media in 1X PBS) and transferred to a 96-well v-bottom plate and analyzed via flow cytometry. For each sample, 10000 events were monitored and evaluated by a BD LSR II HTS flow cytometer (BD Bioscience). Samples with probe 3 and 4 were analyzed using settings for the Alexa Fluor647 channel: exciation via a 633 nm (red, HeNe) laser and emission via a 660/20 nm filter. For FRET analysis, samples were excited with a 561 nm excitation laser and their emission was observed with a 695/40 nm emission filter set. The emission signal obtained was normalized to the emission signal obtained from the Alexa Fluor647 channel to normalize for the total LNP uptake at each time point. In addition, each channel was compensated for bleed through using single fluorophore controls.
Confocal Microscopy
HeLa cells were seeded at 1.5 × 10 4 cells per well in black (clear bottom) 96-well plates (Greiner Bio-one) in incubated for 24 hours prior to transfection. Cells were then transefcted with LNPs containing 50 ng of fluorescence-quenched probe 3, probe 4, or FRET-labeled probes for the indicated time points. Cells were washed, fixed, and counterstained in PBS containing Hoechst (2 μg/mL) for nuclei identification. The cells were then imaged using an automated spinning disk confocal microscope (OPERA, Perkin Elmer) with a 40X objective. The same defined pattern of 20 fields from each well was acquired to eliminate bias and provide a statistically significant number of cells for analysis. The exposure rates were maintained constant for individual fluorophores across the 96-well plate. The images were acquired from the Acapella software with a 20μm scale bar. Data represents images from 20 different fields. All experiments were performed in triplicate. Assembly of the fluorescence-quenched "off/on" probe 3 from hybridization of DNA-AF647 with RNA-SS-BHQ3. Cleavage of 3 with GSH turns the probe on via de-quenching of AF647 by BHQ3. LNPs containing 3 and 4 were incubated with and without 1% Triton-X in the presence and absence of 10 mM GSH at 37°C. Exitation/Emission: 640/670 nm. Error bars represent s.d., n = 2.
Scheme 2.
FRET-labeled siRNA probes in the "on" and "off" state 
